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Abstract 


An all-solid sodium/sulfur battery using poly (ethylene oxide) (PEO) polymer electrolyte are prepared and tested at 90°C. Each battery is 
composed of a solid sulfur electrode, a sodium metal electrode, and a solid PEO polymer electrolyte. During the first discharge, the battery shows 
plateau potentials at 2.27 and at 1.76 V. The first discharge capacity is 505 mAh g~! sulfur at 90°C. The capacity drastically decreases by repeated 
on charge—discharge cycling but remains at 166 mAh g~! sulfur after 10 cycles. The latter value is higher than that reported for a Na/poly (vinylidene 


difluoride)/S battery at room temperature. 
© 2006 Elsevier B.V. All rights reserved. 
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1. Introduction 


The application of batteries in portable electronic devices and 
electric vehicles has rapidly expanded [1,2]. Many researchers 
have attempted to obtain a battery that has high specific energy 
density, high specific power and low material cost [3,4]. In 
particular sodium-sulfur, (Na—S) battery systems have been 
studied extensively because of their low material cost, long 
cycle-life, and high specific energy [5]. Kummer and Weber 
[6] reported the electrochemical properties of a Na/S battery 
above 300 °C. The Na/S battery could operate at this temperature 
because the B”-alumina ceramic electrolyte showed high sodium 
ionic conductivity. At the high operating temperature, sodium 
(mp = 97.8 °C) and sulfur (mp = 110°C) melted into liquid states 
that were more reactive and corrosive than the solid states. On 
the other hand, liquid sodium and sulfur could induce explo- 
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sions and corrosion, and power was consumed in maintaining 
the operating temperature [2]. 

Extensive research has been performed to improve high- 
temperature Na/S batteries [5—9]. In order to develop solid-state 
Na/S batteries, the electrolyte should have high ionic conduc- 
tivity below the melting temperatures of sodium and sulfur. 
All-solid batteries based on polymer electrolytes appear to be 
ideal power sources for electric vehicles (EVs) and hybrid elec- 
tric vehicles (HEVs) due to their safety and feasible designs 
[10]. Polymer electrolytes are attractive in that they can lead 
to flexible, compact and safe all-solid batteries [11]. Several 
types of polymer have been studied as sodium-ion conducting 
electrolytes at low temperatures [12—17]. Poly (ethylene oxide) 
(PEO) and ‘glymes’ (CH30(CH2CH20),,CH3), were found to 
be compatible with the sulfur electrode[ 18-20]. Abraham and 
Jiang [21] have investigated poly (vinylidene fluoride-hexa fluo- 
ropropene) (PVdF-HFP) copolymer with poly (ethylene glycol) 
dimethylether (PEGDME). Park et al. [17] reported that a room- 
temperature Na/S battery using a gel polymer electrolyte gave a 
high discharge capacity of 489 mAh g7! sulfur. 
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Poly (ethylene oxide) is a very stable solid polymer elec- 
trolyte that has high ionic conductivity at a moderately high 
temperature [18,19]. There have been investigations of PEO 
with sodium trifluoromethane sulfonate (NaCF3SO3) [14] and 
sodium nitrate (NaNO3) [13], but no studies of an all-solid Na/S 
battery using a PEO electrolyte. Accordingly, this paper reports 
the electrochemical properties of a Na/S battery with a PEO 
polymer electrolyte that is operated at 90°C. 


2. Experiment 


In order to remove water from the raw materials, ele- 
mental sulfur powder and PEO (average mass My =4 x 10°, 
Aldrich) were dried under vacuum at 60 °C for 24h. Carbon and 
NaCF3SO3 were dried under vacuum at 90°C for 24h. A sulfur 
electrode was prepared from a suspension of 70 wt.% elemental 
sulfur powder, 20 wt.% carbon and 10 wt.% PEO in acetonitrile. 
The suspension was mixed for 2h in an attrition ball mill and 
then cast on to a glass dish. The sulfur electrode films were 
heated at 60°C for 24h in a vacuum. The sodium electrode was 
prepared by cutting a sodium ingot in an argon atmosphere. 

The PEO polymer electrolyte was prepared by dissolving 
PEO and NaCF3SO3 in acetonitrile at a weight ratio of 9:1. The 
solution was mixed for 2h and then cast on to a glass dish. The 
PEO electrolyte film was placed in a vacuum oven and heated at 
50°C for 12h. All preparations of the polymer electrolyte were 
carried out in glove box-filled with argon. The ionic conductivity 
of the PEO electrolyte was determined from the a.c. impedance 
spectrum of a blocking cell that was assembled by sandwiching 
the PEO polymer electrolyte between two stainless-steel (SS) 
electrodes. The data were collected over a frequency range from 
10 mHz to 100 kHz. 

The Na/PEO/S battery was assembled in a stainless-steel cell 
holder made from a Swagelock union with polypropylene fer- 
rules. The battery was charged and discharged at 90°C at a 
constant current density of 0.144 mA em "7. The cut-off voltages 
for charge and discharge were 3.0 and 1.0 V, respectively. 


3. Results and discussion 


Fig. 1 presents the X-ray diffraction pattern of the raw mate- 
rials and the sulfur electrode. The X-ray diffractometer (XRD) 
data of elemental sulfur (a) coincides with an orthorhombic 
structure, which is known as a stable sulfur phase below 95.5 °C 
[22]. Carbon (b) shows single broad peak, which is related to a 
nanocrystalline structure. The two sharp peaks of PEO (c) indi- 
cate a crystalline structure [22]. The XRD pattern of the sulfur 
electrode (d) displays an orthorhombic sulfur phase and a crys- 
talline PEO phase only. No traces of compounds related to sulfur, 
carbon or PEO are found. Thus, there are no crystal structural 
changes during fabrication of the sulfur electrode film, which is 
comprised of a mixture of sulfur, carbon, and PEO only. 

Differential scanning calorimetry (DSC) curves are presented 
in Fig. 2. The sulfur powder (a) has two endothermic peaks, 
which may be related with the elemental sulfur [22]. There is 
no peak of carbon powder (b), which indicates thermal sta- 
bility in this temperature range. The PEO powder (c) shows 
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Fig. 1. XRD patterns of raw materials and sulfur electrode: (a) sulfur, (b) carbon, 
(c) PEO and (d) sulfur electrode. 


one endothermic peak at about 68 °C, which coincides with the 
melting temperature of PEO [22]. For the sulfur electrode (d), 
three endothermic peaks are observed, which correspond to the 
existence of PEO and sulfur. 

Scanning electron micrographs of the raw materials and the 
sulfur electrode are presented in Fig. 3. The shape of the sulfur 
powder (a) is irregular. The carbon particles (b) have a sub- 
micrometer diameter and the powder has a very large surface 
area. The sulfur electrode is distinguished by bright and dark 
areas. Energy dispersive spectroscopy mapping of the sulfur 
electrode (d) is shown in Fig. 4(b) and (c). The bright region 
is mostly composed of sulfur and a small amount of carbon, 
whereas the dark region is comprised of carbon and sulfur. Sulfur 
and carbon can be detected in every region of the sulfur electrode, 
which demonstrates uniform mixing of the components. 

The a.c. impedance spectrum of the blocking cell SS/PEO/SS 
at 90°C is given in Fig. 5. The high-frequency intercept on the 
real-axis provides the bulk resistance (Rp) of the electrolyte. 
From the Rb, the specific conductivity of the polymer electrolyte 
is calculated to be 3.38 x 1074 Scm™! at 90°C, which is similar 
to a previous result reported for the PEO electrolyte [15]. 

The first discharge curve of the Na/PEO/S battery at 90 °C is 
given in Fig. 6. The first discharge curve has a high discharge 
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Fig. 2. Differential scanning calorimetry curves of raw materials and sulfur 
electrode: (a) sulfur, (b) carbon, (c) PEO and (d) sulfur electrode. 
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Fig. 3. Scanning electron micrographs of raw materials and sulfur electrode: (a) sulfur; (b) carbon; (c) PEO; (d) sulfur electrode. 


capacity of 505mAhg~! sulfur and two potential plateaux, 
at 2.28 and 1.73 V, respectively, which can be related to two 
different reduction steps of sulfur by sodium. These results 
are similar to those reported for a high-temperature Na/S 
battery [5,6] and a Na/PVdF/S battery at room temperature 
[17] (PVdF=poly(vinylidene difluoride). The phase diagram 
between sodium and sulfur shows several compounds such as 
NaS, NaS, Na2S3, NaS, Na2Ss [2]. During the discharge pro- 
cess, elemental sulfur can be converted to sodium sulfides by 


(a) sulfurelectrode ` ZZ Fey 
EES <i Sz 
A Vë? "aE ¥ of V 


electrochemical reaction with sodium. From thermodynamic 
considerations, the following reactions can be proposed. The 
electromotive force (Eo) of battery can be calculated from the 
value of the Gibbs free energy of formation (AGp). 


2Na + 3S > NaS; AGf= —403.584kJ mol~![2]. (1) 
Eo =2.09 V. 


2Na + 2S => 2NaS AG; = —392.173kJ mol~![23]. (2) 


t (b) carbon 


Fig. 4. Scanning electron micrographs and EDS mapping of sulfur electrode: (a) SEM image and distribution of (b) carbon and (c) sulfur. 
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Fig. 5. A.C. impedance data of blocking cell as a complex plane pot. 


E, =2.03 V. 
2Na + S > NagS AG = —354.551 kJ mol™![23]. oi 


Eo = 1.84 V. 

The theoretical specific energy of Na2S5, Na2S4, Na2S3, NaS 
and Na2S is calculated as 335, 419, 558, 837 and 1675 mAh g7! 
sulfur, respectively. The Eo of Na2S3, NaS, and Na2S is 2.09, 
2.03 and 1.84 V, respectively. Since the upper plateau poten- 
tial of 2.27 V shown in Fig. 6 is higher than 2.09 V, the region 
cannot be explained by the formation of NaS, Na2S3, or Na2S, 
and therefore may be associated with high polysulfides such as 
NazS4, Na2Ss5(Na2Sy, 1 >4). The lower plateau region, 1.73 V, 
may originate from the formation of Na2S, NaS or Na2S3(Na2Sn, 
n < 3). If all the elemental sulfur changes to Na2S, NaS, Na2S3 
by Eq. (1) or (2), the first discharge capacity should be 1675, 838 
or 558 mAh g`! sulfur, respectively. The first discharge capacity 
shown in Fig. 6, however, is about 505 mAh g7! sulfur, which 
is similar to that expected for the formation of Na2S, (n < 3), 
especially Na2S3. The upper plateau region may be related to 
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Fig. 6. First discharge curve of Na/PEO/S battery at 90 °C. 


600 


500 


Capacity(mAh/g-S) 


Cycle Number 


Fig. 7. Discharge capacity as a function of cycle number. 


the reduction of sulfur to Na2S4 or Na2Ss, and lower plateau to 
the reduction of sulfur to Na2S,, (n < 3). 

The discharge capacity of the Na/S battery as a function of 
cycling number is given in Fig. 7. The battery experiences a sharp 
decline in capacity over the next few cycles, and then the fade 
rate diminishes substantially. The discharge capacity remains at 
166 mAh g7! sulfur after 10 cycles, which is higher than that 
given by a Na/PVdF/S battery at room temperature [17]. The 
severe capacity fading for a few cycles is probably related to 
the formation of irreversible sodium polysulfides that are not 
oxidized to elemental sulfur during charging. 


4. Conclusions 


An all-solid Na/S battery using a PEO polymer electrolyte 
gives a high initial discharge capacity of 505 mAh g7! sulfur at 
90°C with plateau potential regions at 2.28 and 1.73 V. From 
thermodynamic considerations, the lower plateau region should 
originate from the formation of Na2S, Na2S2, Na2S3 and upper 
plateau region from Na2S4 and Na: The discharge capac- 
ity decreases continuously during repeated charge-discharge 
cycling, but remains at 166mAhg™! sulfur after 10 cycles, 
which is higher than for a Na/PVdF/S battery at room temper- 
ature. The PEO electrolyte with NaCF3SO3 salt has a sodium 
ion conductivity of 3.38 x 1074 S cm7! at 90°C. It is possible 
to fabricate an all-solid Na/S battery at 90°C, but its cycling 
property has to be improved for practical applications. 
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